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a b s t r a c t
Five microorganisms of potential interest for on-site enzyme production in lignocellulosic bioreﬁneries
were evaluated with regard to inhibitor tolerance and nutrient utilization. Prehydrolysate and hydro-
lysate of Norway spruce were used in concentrations of 25%, 50%, 75% and 100% and compared to
reference media without fermentation inhibitors. Monosaccharide sugars, oligosaccharides, and small
aliphatic acids were monitored to investigate nutrient utilization in the lignocellulosic media. The
microorganisms studied were the ﬁlamentous fungi Aspergillus niger and Trichoderma reesei and the
three yeasts Pichia pastoris, Saccharomyces cerevisiae, and Yarrowia lipolytica. All ﬁve fungi had the ability
to grow in media with 25% prehydrolysate or 25% hydrolysate. The S. cerevisiae strain had the highest
inhibitor tolerance of the microorganisms studied and grew in media with 50% prehydrolysate or 75%
hydrolysate. In medium with 25% prehydrolysate A. niger and Y. lipolytica gave high biomass yields of
0.46 and 0.32 g/g on initial carbon source, which corresponded to 0.46 and 0.43 g/g on consumed carbon
source, respectively. The ethanol yield on consumed carbon source in 50% hydrolysate was 0.29 g/g for
P. pastoris and 0.33 g/g for S. cerevisiae. The capability of A. niger to utilize a broad range of nutrients
appears especially useful for enzyme production using residual streams. The high tolerance against
inhibitors exhibited by S. cerevisiae could be particularly useful in a consolidated bio-process where the
fermenting microorganism contributes also by producing enzymes.
& 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction
Lignocellulosic raw materials are abundant and can contribute
to sustainable production of fuels, chemicals, and materials
(Taylor, 2008; Cherubini, 2010; FitzPatrick et al., 2010). Lignocel-
lulose consists mainly of cellulose, hemicelluloses, and lignin.
Biochemical conversion of lignocellulose is typically achieved by
enzymatic sacchariﬁcation of pretreated biomass (Chandra et al.,
2007). Enzymatic conversion offers several advantages, such as
high sugar yields and mild process conditions. The main objections
against the use of enzymes in lignocellulosic bioreﬁneries are the
cost associated with production of enzymes as well as the
environmental impact that enzyme production causes. Life-cycle
assessment of the production of cellulosic ethanol identiﬁes
enzyme production as one of the main contributors to the impact
on the environment, together with steam production and trans-
portation (Fu et al., 2003).
One potential approach to decrease the production costs as
well as to decrease the environmental impact could be through
on-site enzyme production using residual low-value industrial
streams as nutrient source for the enzyme-producing microorgan-
ism (Alriksson et al., 2009; Cavka et al., 2011). Microorganisms that
may potentially be used for on-site enzyme production include
ﬁlamentous fungi, such as Aspergillus niger (Rose and Van Zyl,
2002) and Trichoderma reesei (Kubicek, 2013), as well as different
types of yeasts; Pichia pastoris (Liu et al., 2012), Saccharomyces
cerevisiae (Yanase et al., 2010; Ilmén et al., 2011), and Yarrowia
lipolytica (Park et al., 2000). With regard to S. cerevisiae, it may be
used both for enzyme production and as the fermenting micro-
organism used for bioconversion of lignocellulosic sugars, for
example as a part of a consolidated bio-process (CBP) (Lynd
et al., 2005; Ilmén et al., 2011; Olson et al., 2012).
The aims of this study were to investigate the capability of ﬁve
different enzyme-producing fungi (the two ﬁlamentous fungi
A. niger and T. reesei, and the three yeasts P. pastoris, S. cerevisiae,
and Y. lipolytica) to grow in inhibitory media derived from
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pretreated softwood, and to compare their ability to utilize
different organic compounds in the media as carbon source. The
media used in the investigation were based on a prehydrolysate,
i.e. a hemicellulose hydrolysate obtained from thermochemical
pretreatment of a lignocellulosic feedstock, and an enzymatic
hydrolysate of the slurry of pretreated biomass. The prehydroly-
sate and the hydrolysate were chosen as their contents of
inhibitory compounds should be similar, while their contents of
nutrients should be signiﬁcantly different, as the hydrolysate
would contain much more glucose than the prehydrolysate.
Inhibitory substances in lignocellulosic media would typically
include aromatic compounds, aliphatic acids, and furan aldehydes
(Jon̈sson et al., 2013). Organic compounds that could potentially
serve as carbon source include hexose and pentose sugars,
oligosaccharides, and aliphatic acids.
Previous studies of enzyme production using lignocellulose-
derived media have typically included only one enzyme-producing
microorganism, as T. reesei grown on media derived from softwood
(Szengyel et al., 2000; Kovács et al., 2009a), hardwood (Szengyel
et al., 1997), or sugarcane bagasse (Bigelow and Wyman, 2002), or
A. niger grown on media based on softwood or sugarcane bagasse
(Alriksson et al., 2009). A comparison of production of
β-glucosidase with four ﬁlamentous fungi from the Trichocoma-
ceae family, Penicillium ochrochloron, Aspergillus phoenicis, A. niger
and Aspergillus foetidus, has been performed using medium based
on hardwood (Réczey et al., 1998), but fungal growth and the
capability of the fungi to utilize different lignocellulose-derived
compounds in the medium were not studied. To our knowledge,
the present study is the ﬁrst direct comparison of growth and
nutrient utilization of ﬁlamentous fungi and yeasts in lignocellu-
losic media, as well as the ﬁrst comparison of the two important
enzyme-producing ﬁlamentous fungi T. reesei and A. niger. Both
scientiﬁc and technical incentives motivate the study of the
capability of microorganisms to grow in unconventional media
based on lignocellulose.
2. Materials and methods
2.1. Pretreatment of raw material
Norway spruce (Picea abies) was pretreated by SEKAB AB
(Örnskol̈dsvik, Sweden) in the Örnskol̈dsvik Bioreﬁnery Demo
Plant. Unbarked spruce wood chips were treated in continuous
mode in a 30-L reactor, at a pressure of 18 bar (204 1C), and with
an addition of 1.25 kg SO2/h, which corresponds to an addition of
1% of SO2 per kg of spruce chips (DW). The residence time in the
reactor was 6–7 min and the resulting pH was 1.4–1.5. The spruce
slurry was cooled directly after treatment and stored at 4 1C until
further use. The dry-matter content of the slurry after the
pretreatment was 12.1% (w/w).
2.2. Enzymatic hydrolysis and preparation of medium
The liquid fraction from the pretreated spruce slurry was
separated from the solid material through ﬁltration and was used
for preparing the set of growth medium referred to as the
prehydrolysate. The slurry was also used to prepare the second
set of growth medium, the hydrolysate. Prior to enzymatic hydro-
lysis, the pH of the slurry was adjusted to 5.2 with a 5 M solution
of sodium hydroxide. Each of four 2-L shake ﬂasks were ﬁlled with
950 g of slurry. Commercially available preparations of cellulase
and cellobiase were added to the ﬂasks. The cellulase preparation,
which was from T. reesei ATCC 26921, had a stated activity of
700 endoglucanase units (EGU)/g (Sigma-Aldrich, Steinheim,
Germany) and the loading was 319 EGU/g of solids (DW). The
cellobiase preparation, Novozyme 188, had a stated activity of 250
cellobiase units (CBU)/g (Sigma-Aldrich) and the loading was
23 CBU/g of solids (DW). The ﬂasks were incubated with shaking
(Kuhner Lab-Therm LT-X, A. Kühner AG, Birsfelden, Switzerland) at
45 1C and 110 rpm for 72 h.
After hydrolysis, the slurries were centrifuged (Allegra X-22R,
Beckman Coulter, Brea, CA, USA) at 4500 g for 10 min at a
temperature of 4 1C. The pH of the liquid fractions, the hydrolysate,
was adjusted to pH 2.0 with a 12 M solution of HCl. The hydro-
lysate was stored at 20 1C until further use.
2.3. Microorganisms and strains
Five microbial strains were included in the experiments:
A. niger D15, T. reesei Rut C-30, P. pastoris X-33, Y. lipolytica ATCC
8661, and a commercial baker's yeast (S. cerevisiae) strain (Jästbo-
laget, Sollentuna, Sweden).
2.4. Fermentation experiments
Fermentation experiments were performed with each of the
ﬁve microorganisms and with both the prehydrolysate and the
hydrolysate media. Each experiment included medium that was
either undiluted (100%) or diluted with ultra-pure water to
concentrations of 75%, 50% and 25% (v/v). For comparison, each
experiment also included two reference media that had similar
glucose, mannose and xylose content as the undiluted prehydro-
lysate and hydrolysate, but with no inhibitory compounds. The
fermentations were carried out in 250-mL bafﬂed Erlenmeyer
ﬂasks containing 47.5 mL growth medium and 2.5 mL inoculum.
Inocula were prepared by cultivating the microorganism for 24 h
in a 1% (w/v) glucose medium containing the same nutrient
additives that were used in the subsequent cultivation experi-
ments. Inoculation of cultures of ﬁlamentous fungi resulted in
initial biomass concentrations between 0.2 and 0.3 g/L (DW).
Pre-cultures of yeasts were harvested in the late exponential
phase and the cells were re-suspended in a sterile solution of
9 g/L NaCl. Inoculation of yeast cultures resulted in an initial
biomass concentration of 0.25 g/L (DW).
A. niger and T. reesei cultures were supplemented with nutrient
additives that resulted in the following initial concentrations in
the culture media: 1 g/L yeast extract, 0.025 g/L MgSO4 7H2O,
0.5 g/L (NH4)2HPO4, 1.38 g/L NaH2PO4 H2O, and 2 g/L casamino
acids. Then, 0.05 mL of a trace element solution was added to each
ﬂask resulting in trace element concentrations of 2.2104 g/L
ZnSO4 7H2O, 1.1104 g/L H3BO3, 5105 g/L MnCl2 4H2O,
5105 g/L FeSO4 7H2O, 1.7105 g/L CoCl2 6 H2O,
1.6105 g/L CuSO4 5H2O, 1.5105 g/L Na2MoO4 2H2O, and
5104 g/L EDTA, together with a few drops of Tween 80. The
initial pH of the culture media for ﬁlamentous fungi was 5.5.
For the yeast cultures, nutrient additives consisted of 1.34% (w/v)
of Yeast Nitrogen Base without Amino Acids (Becton, Dickinson and
Company, Franklin Lakes, NJ, USA). The initial pH of the yeast culture
media was 6.0.
Each medium was ﬁltered through a 0.22 mm ﬁlter (VWR
Vacuum Filtration System, VWR International, West Chester, PA,
USA) prior to fermentation in order to remove particles and
minimize the risk of bacterial contamination. The ﬂasks were
incubated at 30 1C and 110 rpm (Kuhner Lab-Therm LT-X) and the
cultivations were followed daily until the reference fermentation
showed a biomass concentration which was similar for three
consecutive measurements, indicating that the growth had
stopped. This time period was different for the studied micro-
organisms and varied from 24 h to six days.
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2.5. Biomass measurements
Biomass formation was determined gravimetrically (DW) dur-
ing the course of the experiments. For each measurement, 2 mL of
culture broth was ﬁltrated through a pre-dried nitrocellulose ﬁlter
with a pore size of 0.45 mm (Millipore, Billerica, MA, USA). After
ﬁltration, the fungal biomass was washed with 5 mL ultra-pure
water and was subsequently dried for 5 min in a microwave oven.
2.6. Analyses
Analyses of monosaccharides (arabinose, galactose, glucose, man-
nose and xylose) and sugar alcohols (L-arabitol and xylitol) were
performed using an ICS-5000 high-performance anion-exchange
chromatography (HPAEC) system (Dionex, Sunnyvale, CA, USA). The
separation was performed using a CarboPac PA-1 (4250mm)
separation column equipped with a CarboPac PA-1 (450 mm) guard
column (Dionex). The separation columnwas activated with a solution
consisting of a mixture of 200 mM sodium hydroxide and 170mM
sodium acetate for 12 min. The eluent was then changed to ultra-pure
water 2 min prior to sample injection. Isocratic elutionwith ultra-pure
water was performed at a ﬂow rate of 1 mL/min for 25 min andwith a
post-column addition of a solution of 300 mM sodium hydroxide.
Detection was carried out using an electrochemical detector. The
oligosaccharide contents were determined by MoRe Research
Örnskol̈dsvik AB (Örnskol̈dsvik, Sweden).
Acetic acid and formic acid were determined with HPAEC by
using the ICS-5000 system and its conductivity detector. The
separation was performed with an IonPac AS-15 (4250 mm)
separation column equipped with an IonPac AG-15 (450 mm)
guard column (Dionex). The mobile phase consisted of a 35 mM
solution of sodium hydroxide (Sodium Hydroxide Solution for IC,
Sigma-Aldrich), and the ﬂow rate was 1.2 mL/min.
Analyses of furan aldehydes [furfural and 5-hydroxymethylfurfural
(HMF)] were performed by using high-performance liquid chromato-
graphy (HPLC). A Shodex SH-1011 column (6 mm, 8300 mm)
(Showa Denko, Kawasaki, Japan) was used in a YoungLin YL9100
series system (YoungLin, Anyang, Korea) equipped with a YL9170
series refractive index (RI) detector. Elution was performed with
isocratic ﬂow of a 0.01 M aqueous solution of sulfuric acid. The ﬂow
rate was 1.0 mL/min and the column temperature was set to 50 1C.
The total phenolic contents in the prehydrolysate were esti-
mated using the Folin–Ciocalteu method (Singleton et al., 1999).
A mixture was prepared of 1.2 mL properly diluted sample, 0.3 mL
of a 20% (w/w) aqueous solution of Na2CO3, 0.4 mL deionized
water, and 0.1 mL Folin–Ciocalteu reagent (Sigma-Aldrich). The
mixture was allowed to react for 30 min at room temperature
before the absorbance was measured at a wavelength of 725 nm.
Vanillin was used as the standard.
As some of the fungi are known to produce other valuable
products except recombinant protein, the potential occurrence of
ethanol and citric acid was analyzed for some samples. Ethanol
was measured in samples from cultures of S. cerevisiae and
P. pastoris, while citric acid was measured in samples from cultures
of Y. lipolytica, A. niger, and T. reesei. Determination of the
concentrations of ethanol and citric acid was performed by using
enzymatic kits (Boehringer Mannheim GmbH, Mannheim,
Germany).
3. Results and discussion
3.1. Chemical composition of prehydrolysate and hydrolysate
Filamentous fungi and yeasts were cultivated in the presence of
the liquid from pretreated spruce wood. The prehydrolysate
contained 18 g/L glucose, 16 g/L mannose, 12 g/L xylose, 3.5 g/L
galactose, 2.6 g/L arabinose, 5.0 g/L acetic acid, 0.4 g/L formic acid,
2.0 g/L HMF, and 1.7 g/L furfural. The total concentration of
phenolic compounds in the prehydrolysate was estimated to be
2.9 g/L. After 72 h of enzymatic hydrolysis and removal of the solid
residue by centrifugation, the monosaccharide content was deter-
mined to be 67 g/L glucose, 15 g/L mannose, 11 g/L xylose, 2.8 g/L
galactose and 2.4 g/L arabinose. The concentrations of acetic acid,
formic acid, furfural and HMF did not change during enzymatic
hydrolysis. The sugar alcohols xylitol and L-arabitol were not
detected, neither in the prehydrolysate nor in the hydrolysate.
3.2. Nutrient utilization
Important factors to consider in the evaluation of microorgan-
isms with regard to suitability for on-site enzyme production
using lignocellulosic media include the capability to utilize differ-
ent carbon sources as well as tolerance to growth inhibitors.
In order to better understand what type of nutrients the micro-
organisms utilized, growth media from cultures displaying growth
were analyzed using HPAEC. The results are summarized in
Table 1. As expected, all microorganisms utilized glucose and
mannose. The yeasts were not capable of efﬁciently metabolizing
other monosaccharides than glucose and mannose, while both
A. niger and T. reesei could utilize most of the xylose, arabinose and
galactose, at least in prehydrolysate media containing lower levels
of glucose. This indicates that the ﬁlamentous fungi have an
advantage compared to the yeasts due to their metabolic diversity.
Table 1 also shows that A. niger and T. reesei have the ability to
utilize compounds other than monosaccharides. Most of the acetic
acid was consumed by A. niger and T. reesei, even in the hydro-
lysate media. This agrees with previous studies of A. niger in
lignocellulosic media (Alriksson et al., 2009; Cavka et al., 2011) and
with studies of T. reesei in synthetic medium designed to resemble
lignocellulosic medium (Jun et al., 2010). The formic acid was also
consumed by the ﬁlamentous fungi, although the initial concen-
trations were very low. P. pastoris and S. cerevisiae exhibited a very
limited ability to consume acetic acid, and there was no consump-
tion of formic acid. Y. lipolytica consumed most of the acetic acid
and formic acid in both hydrolysate and prehydrolysate media
(Table 1). Y. lipolytica is known to have the ability to utilize various
carbon sources including hydrocarbons, such as alkenes, fatty
acids, and lipids (Fickers et al., 2005). A. niger and T. reesei
consumed all oligosaccharides in the prehydrolysate medium,
but only a part of the oligosaccharides in the hydrolysate medium
(Table 1). This agrees with a previous study showing that A. niger
was capable of utilizing oligosaccharides in a stillage-based med-
ium that contained a very low concentration of glucose (Cavka
et al., 2011). The cultures were analyzed with regard to xylitol and
L-arabitol, which could potentially form by microbial reduction of
the corresponding pentose sugars present in prehydrolysate and
hydrolysate media. However, no sugar alcohols were detected in
medium from cultures of A. niger and T. reesei. Medium from
cultures of the three yeasts contained only trace amounts of xylitol
and L-arabitol (the total sugar alcohol concentration in medium
from S. cerevisiae cultures was o5 mg/L, and o2 mg/L in medium
from cultures of P. pastoris and Y. lipolytica).
3.3. Growth and biomass yields
The growth and biomass yields in the experiments in which the
ﬁve fungi were cultivated in prehydrolysate and hydrolysate are
shown in Table 2. The results indicate that all microorganisms
studied were able to grow in 25% prehydrolysate or hydrolysate.
The results also show that T. reesei and Y. lipolytica did not grow
when the concentrations of the lignocellulosic media were higher
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Table 1
Concentrations of sugars and other substances in media before and after cultivations.a
Arabinose
(g/L)
Galactose
(g/L)
Glucose
(g/L)
Mannose
(g/L)
Xylose
(g/L)
Acetic
acid
(g/L)
Formic
acid
(g/L)
Oligosaccharides
(g/L)
Prehydrolysate with A. niger
Reference o0.01 o0.01 16.070.2 15.370.3 10.070.3 o0.01 o0.01 o0.05
Reference after 72 h of fermentation o0.01 o0.01 o0.01 o0.01 1.870.3 o0.01 o0.01 o0.05
25% prehydrolysate 0.670.0 0.970.1 4.770.4 3.870.1 2.870.1 1.470.0 0.170.0 1.070.1
25% prehydrolysate after 72 h
fermentation
o0.01 o0.01 o0.01 o0.01 o0.01 o0.01 o0.01 o0.05
Hydrolysate with A. niger
Reference o0.01 o0.01 70.472.4 15.370.7 10.570.4 o0.01 o0.01 o0.05
Reference after 96 h of fermentation o0.01 o0.01 21.070.2 12.270.2 9.870.3 o0.01 o0.01 o0.05
25% hydrolysate 0.570.0 0.670.1 15.670.8 3.370.2 2.670.2 1.370.0 0.170.0 0.470.1
25% hydrolysate after 96 h fermentation 0.170.0 0.270.0 o0.01 o0.01 0.270.0 0.170.0 o0.01 0.370.1
50% hydrolysate 1.270.1 1.470.1 32.671.2 7.170.3 5.870.5 2.470.0 0.170.0 1.170.1
50% hydrolysate after 96 h of
fermentation
0.770.6 0.670.9 9.0712.7 2.874.0 2.573.5 0.570.0 o0.01 0.770.1
Prehydrolysate with T. reesei
Reference o0.01 o0.01 16.070.2 15.370.3 10.070.3 o0.01 o0.01 o0.05
Reference after 120 h of fermentation o0.01 o0.01 0.870.1 1.570.4 1.170.1 o0.01 o0.01 o0.05
25% prehydrolysate 0.670.0 0.970.1 4.770.4 3.870.1 2.870.1 1.470.0 0.170.0 1.070.1
25% prehydrolysate after 120 h of
fermentation
o0.01 o0.01 0.470.2 2.770.0 0.870.1 0.170.0 o0.01 o0.05
Hydrolysate with T. reesei
Reference o0.01 o0.01 70.472.4 15.370.7 10.570.4 o0.01 o0.01 o0.05
Reference after 120 h of fermentation o0.01 o0.01 10.271 15.470.3 8.770.2 o0.01 o0.01 o0.05
25% hydrolysate 0.570.0 0.670.1 15.670.8 3.370.2 2.670.2 1.370.0 0.170.0 0.470.1
25% hydrolysate after 120 h of
fermentation
0.170.1 0.770.1 0.971.0 2.771.3 1.071.3 0.270.2 o0.01 0.370.1
Prehydrolysate with P. pastoris
Reference o0.01 o0.01 16.070.2 15.370.3 10.070.3 o0.01 o0.01
Reference after 30 h of fermentation o0.01 o0.01 o0.01 0.170.0 7.970.2 o0.01 o0.01
25% prehydrolysate 0.670.0 0.970.1 4.770.4 3.870.1 2.870.1 1.470.0 0.170.0
25% prehydrolysate after 30 h of
fermentation
0.670.0 0.770.0 o0.01 o0.01 2.370.1 0.770.0 0.170.0
Hydrolysate with P. pastoris
Reference o0.01 o0.01 70.472.4 15.370.7 10.570.4 o0.01 o0.01
Reference after 24 h of fermentation o0.01 o0.01 0.570.5 6.971.5 9.370.9 o0.01 o0.01
25% hydrolysate 0.570.0 0.670.1 15.670.8 3.370.2 2.670.2 1.370.0 0.170.0
25% hydrolysate after 24 h of fermentation 0.570.0 0.370.4 o0.01 o0.01 1.970.0 0.770.0 0.170.0
50% hydrolysate 1.270.1 1.470.1 32.671.2 7.170.3 5.870.5 2.470.0 0.170.0
50% hydrolysate after 24 h of fermentation 1.070.0 1.070.1 0.170.1 0.370.3 4.470.0 1.770.0 0.170.0
Prehydrolysate with S. cerevisiae
Reference o0.01 o0.01 16.070.2 15.370.3 10.070.3 o0.01 o0.01
Reference after 24 h of fermentation o0.01 o0.01 o0.01 0.170.0 6.570.2 o0.01 o0.01
25% prehydrolysate 0.670.0 0.970.1 4.770.4 3.870.1 2.870.1 1.470.0 0.170.0
25% prehydrolysate after 24 h of fermentation 0.670.0 0.770.0 o0.01 o0.01 1.970.1 1.470.0 0.170.0
50% prehydrolysate 1.370.1 1.870.2 9.370.9 8.070.8 5.970.6 2.070.1 0.270.0
50% prehydrolysate after 24 h of
fermentation
1.070.0 1.670.2 o0.01 o0.01 4.770.1 2.070.1 0.270.0
Hydrolysate with S. cerevisiae
Reference o0.01 o0.01 70.472.4 15.370.7 10.570.4 o0.01 o0.01
Reference after 24 h of fermentation o0.01 o0.01 o0.01 o0.01 9.370.9 o0.01 o0.01
25% hydrolysate 0.570.0 0.670.1 15.670.8 3.370.2 2.670.2 1.370.0 0.170.0
25% hydrolysate after 24 h of fermentation 0.570.0 0.570.1 o0.01 o0.01 1.970.0 0.770.0 0.170.0
50% hydrolysate 1.270.1 1.470.1 32.671.2 7.170.3 5.870.5 2.670.1 0.170.0
50% hydrolysate after 24 h of fermentation 0.770.0 1.270.2 o0.01 o0.01 3.970.1 2.670.1 0.170.0
75% hydrolysate 1.770.2 2.070.0 49.870.1 12.270.3 8.670.1 3.770.2 0.370.1
75% hydrolysate after 24 h of fermentation 1.270.3 1.770.2 o0.01 o0.01 6.370.4 3.870.0 0.370.1
Prehydrolysate with Y. lipolytica
Reference o0.01 o0.01 16.070.2 15.370.3 10.070.3 o0.01 o0.01
Reference after 48 h of fermentation o0.01 o0.01 2.570.5 6.870.6 8.470.2 o0.01 o0.01
25% prehydrolysate 0.670.0 0.970.1 4.770.4 3.870.1 2.870.1 1.470.0 0.170.0
25% prehydrolysate after 48 h of fermentation 0.470.1 0.870.0 0.270.3 0.871.0 1.571.1 0.170.0 o0.01
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than 25%. P. pastoris and A. niger displayed growth in 50%
hydrolysate, but were unable to grow in the prehydrolysate at
concentrations of 50% or higher. S. cerevisiae displayed high
tolerance towards inhibitors of growth, as it was the only micro-
bial strain that displayed growth in 50% prehydrolysate as well as
in 75% hydrolysate. While lignocellulose-derived inhibitors of
S. cerevisiae have been the subject of several studies [recently
reviewed by Jon̈sson et al. (2013)], the effects of these substances
on the other fungal species included in this investigation remain to
be elucidated.
The volumetric biomass yield (YX-V) of each microorganism
varied considerably between the different media (Table 2). With
regard to growth in reference media without inhibitors, A. niger
showed the highest YX-V, which was over 16 g/L in both prehy-
drolysate and hydrolysate reference media. The second and the
third highest YX-V in medium without inhibitors were obtained
with two yeasts. Y. lipolytica reached 9.6 g/L in both reference
media, while P. pastoris reached 8.0 g/L in the prehydrolysate
reference medium and 7.4 g/L in the hydrolysate reference med-
ium. S. cerevisiae reached YX-V values of 5.8 g/L and 6.8 g/L in
prehydrolysate reference medium and hydrolysate reference med-
ium, respectively. The lowest YX-V was obtained with T. reesei,
which reached 5.7 g/L in the prehydrolysate reference medium
and only 2.9 g/L in the hydrolysate reference medium. Surpris-
ingly, T. reesei reached a higher YX-V in 25% hydrolysate (4.3 g/L)
than in the reference medium (2.9 g/L).
Table 2 also shows the biomass yield on the initial content of
carbon source (YX-ICS) (i.e. the biomass yield on the sum of
monosaccharides, oligosaccharides, acetate and formate present
in the medium at the beginning of the cultivation) and the
biomass yield on consumed carbon source (YX-CCS) (the biomass
yield on the sum of monosaccharides, oligosaccharides, acetate
and formate consumed during the cultivation). For most micro-
organisms there was a trend that YX-ICS and YX-CCS were higher
than or similar to the corresponding values for the reference
media when the cultivations were performed with 25% prehydro-
lysate or 25% hydrolysate. The only exceptions were A. niger and
Y. lipolytica, which exhibited higher YX-CCS in hydrolysate reference
medium.
Most microorganisms that were able to grow on 50%
lignocellulose-derived media (A. niger, S. cerevisiae and P. pastoris
in hydrolysate medium, and S. cerevisiae in prehydrolysate med-
ium) showed lower YX-ICS and YX-CCS than in cultures with 25%
lignocellulose-derived medium, with the exception of A. niger,
which had a YX-CCS as high as 0.23 g/g in medium with 50%
hydrolysate. A. niger and Y. lipolytica exhibited particularly high
biomass yields. In 25% prehydrolysate medium, A. niger had the
highest YX-ICS and YX-CCS values, namely 0.46 g/g. In 25% hydro-
lysate medium, Y. lipolytica reached the highest values, a YX-ICS of
0.28 g/g and a YX-CCS of 0.32 g/g. For both reference media and
media with 25% prehydrolysate or hydrolysate, Y. lipolytica always
reached higher YX-ICS and YX-CCS values than the other yeasts.
Among the ﬁlamentous fungi, A. niger usually had higher YX-ICS
and YX-CCS values than T. reesei, but T. reesei had higher YX-CCS value
than A. niger in experiments with 25% hydrolysate medium.
A. niger was clearly the most successful microorganism in utilizing
nutrients for biomass production in the relatively nutrient-poor
prehydrolysate medium, while some of the other microorganisms
were capable of showing higher biomass yields in the more rich
hydrolysate medium.
3.4. Yield of products other than biomass
Both P. pastoris and S. cerevisiae produced ethanol in reference
media as well as in lignocellulosic media (Table 3). In any given
medium (Table 3), the volumetric ethanol yield (YE-V) was always
higher for S. cerevisiae than for P. pastoris, but P. pastoris was not
that far behind in medium with 25% or 50% hydrolysate. The YE-V
values conﬁrm that P. pastoris was more sensitive to inhibitors
than S. cerevisiae. Table 3 also shows the ethanol yield on
consumed carbon source (YE-CCS). YE-CCS was always higher in
hydrolysate medium than in prehydrolysate medium (Table 3).
That is the opposite of YX-CCS, which for all organisms was always
higher in prehydrolysate medium than in hydrolysate medium
(Table 2). The YE-CCS was always higher for S. cerevisiae than for
P. pastoris, especially in prehydrolysate medium (Table 3). That can
probably be attributed to the sensitivity of the P. pastoris strain to
inhibitors and to the higher inhibitor:glucose ratio of the prehy-
drolysate medium.
The YE-CCS ranged from 0.11 to 0.28 g/g in prehydrolysate
medium and from 0.29 to 0.35 g/g in hydrolysate medium
(Table 3). This can be compared with the YX-CCS of P. pastoris and
S. cerevisiae, which ranged from 0.15 to 0.31 g/g in prehydrolysate
medium and from 0.07 to 0.20 g/g in hydrolysate medium
(Table 2). Thus, the range of the ethanol yield and the biomass
yield was similar in prehydrolysate medium, while the ethanol
yield was much higher than the biomass yield in hydrolysate
medium. If, on one hand, ethanol is the desired product, it would
therefore be advantageous to utilize hydrolysate medium. If, on
the other hand, biomass formation is desired, as in enzyme
production, production of single-cell protein, or production of
yeast cells for inoculum of a larger fermentation, there would be
an advantage with using prehydrolysate medium.
While S. cerevisiae is well known for its capability to efﬁciently
produce ethanol, P. pastoris has mainly been utilized for produc-
tion of single-cell protein and recombinant proteins (Cereghino
and Cregg, 2000). The results of this study indicate that P. pastoris
was not far behind S. cerevisiae with regard to ethanol yield in
hydrolysate media. This result may be somewhat surprising as the
hydrolysate reference medium contained relatively high concen-
trations of fermentable sugar, and since S. cerevisiae is Crabtree
positive while P. pastoris is Crabtree-negative (Porro et al., 2005;
Hagman et al., 2013). In experiments where yeasts were grown
under aerobic conditions and with 2% glucose as carbon source,
Table 1 (continued )
Arabinose
(g/L)
Galactose
(g/L)
Glucose
(g/L)
Mannose
(g/L)
Xylose
(g/L)
Acetic
acid
(g/L)
Formic
acid
(g/L)
Oligosaccharides
(g/L)
Hydrolysate with Y. lipolytica
Reference o0.01 o0.01 70.472.4 15.370.7 10.570.4 o0.01 o0.01
Reference after 72 h of fermentation o0.01 o0.01 49.273.7 12.770.9 9.970.8 o0.01 o0.01
25% hydrolysate 0.570.0 0.670.1 15.670.8 3.370.2 2.670.2 1.370.0 0.170.0
25% hydrolysate after 72 h of fermentation 0.470.0 0.570.0 0.470.1 0.370.2 1.070.2 0.170.0 o0.01
a The table shows the mean values of two separate measurements made on separate samples taken from each culture, i.e. the average values of four measurements.
Standard deviations are calculated as the deviation of these four measurements at each data point.
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the yields on consumed carbon source for the S. cerevisiae strains
studied were 0.38–0.39 g/g with respect to ethanol and 0.15–
0.16 g/g with respect to biomass (Hagman et al., 2013). The
P. pastoris strain studied produced no ethanol but gave a biomass
yield of 0.50 g/g (Hagman et al., 2013). Martín and Jon̈sson (2003)
found that oxygen-limited cultures of the S. cerevisiae baker's
yeast strain gave an ethanol yield of 0.42 g/g and a biomass yield
of 0.106 g/g. Furthermore, in a comparison of different yeast
strains using a synthetic inhibitor cocktail, the S. cerevisiae baker's
strain was found to perform relatively well and there was no
decrease in the ethanol yield up to a concentration of 50% of the
inhibitor cocktail (Martín and Jon̈sson, 2003). This agrees well
with the observation in our study that the S. cerevisiae baker's
strain was relatively resistant to inhibitors in prehydrolysate and
hydrolysate.
The strain of Y. lipolytica which was used in the experiments in
this study should possess the ability to produce citric acid
(Wojtatowicz et al., 1991). No citric acid was, however, detected
in any of the experiments with Y. lipolytica. Protein concentrations
were also analyzed but the determinations were made difﬁcult by
the nutrient additions to the cultivation media prior to inoculation.
3.5. Utilization of fungi for production of hydrolytic enzymes
Several of the microorganisms included in this investigation
have been studied with regard to their capability to produce
Table 2
Volumetric biomass yield (YX-V), biomass yield on initial carbon source (YX-ICS), and biomass yield on consumed carbon source (YX-CCS) in prehydrolysate and hydrolysate of
Norway spruce.
Volumetric yield (YX-V) (g/L)a
Prehydrolysate A. niger (72 h) T. reesei (120 h) P. pastoris (30 h) S. cerevisiae (24 h) Y. lipolytica (48 h)
Reference 16.771.0 5.770.5 8.070.1 5.870.2 9.670.1
25% 7.070.9 4.670.2 3.170.2 3.370.2 4.970.0
50% 1.270.0 0.670.4 0.870.1 2.970.0 0.370.0
75% 0.870.2 0.470.1 0.870.1 0.970.0 0.370.1
100% 0.970.0 0.370.1 0.970.1 0.870.2 0.370.0
Hydrolysate A. niger (96 h) T. reesei (120 h) P. pastoris (24 h) S. cerevisiae (24 h) Y. lipolytica (72 h)
Reference 16.270.8 2.970.6 7.470.0 6.870.9 9.670.3
25% 4.871.2 4.371.0 3.770.3 4.070.1 6.870.2
50% 7.970.7 0.370.1 3.170.3 4.570.0 0.770.2
75% 1.070.2 o0.170.1 1.070.1 4.570.1 0.370.0
100% 1.270.4 o0.170.1 1.070.1 0.770.0 0.270.0
Biomass yield on initial carbon source (YX-ICS) (g/g)b
Prehydrolysate A. niger (72 h) T. reesei (120 h) P. pastoris (30 h) S. cerevisiae (24 h) Y. lipolytica (48 h)
Reference 0.40 0.14 0.19 0.14 0.23
25% 0.46 0.30 0.20 0.22 0.32
50% 0.04 0.02 0.03 0.10 0.01
75% 0.02 0.01 0.02 0.02 0.01
100% 0.01 o0.01 0.01 0.01 o0.01
Hydrolysate A. niger (96 h) T. reesei (120 h) P. pastoris (24 h) S. cerevisiae (24 h) Y. lipolytica (72 h)
Reference 0.17 0.03 0.08 0.07 0.10
25% 0.20 0.18 0.15 0.17 0.28
50% 0.16 0.01 0.06 0.09 0.01
75% 0.01 o0.01 0.01 0.06 o0.01
100% 0.01 o0.01 0.01 0.01 o0.01
Biomass yield on consumed carbon source (YX-CCS) (g/g)c
Prehydrolysate A. niger (72 h) T. reesei (120 h) P. pastoris (30 h) S. cerevisiae (24 h) Y. lipolytica (48 h)
Reference 0.42 0.15 0.25 0.17 0.41
25% 0.46 0.41 0.26 0.31 0.43
50% – – – 0.15 –
75% – – – – –
100% – – – – –
Hydrolysate A. niger (96 h) T. reesei (120 h) P. pastoris (24 h) S. cerevisiae (24 h) Y. lipolytica (72 h)
Reference 0.30 0.05 0.09 0.08 0.39
25% 0.21 0.27 0.18 0.20 0.32
50% 0.23 – 0.07 0.11 –
75% – – – 0.07 –
100% – – – – –
a The table shows the maximum volumetric biomass yields (dry cell weight) obtained for each microorganism. Stated standard deviations are calculated as the deviation
of two biomass measurements at each data point.
b Biomass yield on carbon source present at the beginning of fermentation. The yield was calculated from two separate cultivations on basis of the average values of
maximum volumetric biomass yield and average nutrient concentrations present at the start of the cultivations.
c Biomass yield on consumed carbon source. The yield was calculated from two separate cultivations on basis of the average values of maximum volumetric biomass
yield and consumed nutrients when the maximum volumetric yield was reached.
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hydrolytic enzymes that are relevant for the degradation of ligno-
cellulose. Comparisons are facilitated by studies in which the same
gene has been overexpressed. Expression of endo-1,4-xylanase
(xyn2) from T. reesei has been performed using four of the ﬁve
microorganisms included in this study. S. cerevisiae produced a
xylanase activity of 1200 nkat/mL in YPD medium with 1% glucose
(La Grange et al., 2010). Cultivation of P. pastoris resulted in a
xylanase activity of 4350 nkat/mL when it was grown in YPD
mediumwith 2% glucose (Jun et al., 2009). The highest values were
reported for A. niger, which reached 8000 nkat/mL in both medium
based on 10% glucose (Rose and Van Zyl, 2002) and medium based
on ﬁber sludge stillage (Cavka et al., 2011). T. reesei, which expresses
this and other xylanases naturally, reached 5400 nkat/mL on
medium in which glucuronoxylan served both as inducer and
carbon source (Bailey et al., 1993). Thus, the highest value was
reached with A. niger. All of these studies, except the one by Cavka
et al. (2011), were performed using deﬁned medium without
inhibitors, which normally would be present in industrial media
derived from lignocellulose.
Another relevant enzyme that has been expressed in several of
the microorganisms is T. reesei endoglucanase I (egI or Cel7B).
Expression of T. reesei egI in S. cerevisiae resulted in an activity of
25.7 nkat/mL when the yeast was grown on YPD medium with 2%
glucose (Du Plessis et al., 2010). Expression of the same enzyme in
Y. lipolytica grown in YPD medium with 2% glucose showed
activities of 22.6 U/mL (Park et al., 2000), which would correspond
to 370 nkat/mL. In experiments with A. niger, the endoglucanase
activity reached 2500 nkat/mL in a medium based on 10% glucose
(Rose and Van Zyl, 2002). T. reesei RUT C-30 has been shown to
produce cellulase activities of up to 225 IU/mL when grown on 5%
bleached pulp (Montenecourt, 1983), an activity that would
correspond to approximately 3800 nkat/mL.
Bioethanol production typically involves S. cerevisiae, which
normally does not have the capability to utilize xylose or arabinose
in ethanolic fermentation, leaving the pentose sugars to be utilized
for potential on-site enzyme production. However, after breeding
or evolutionary engineering (Attﬁeld and Bell, 2006; Scalcinati
et al., 2012), aerobic cultures of S. cerevisiae have the potential to
utilize xylose for growth or enzyme production. On-site or near-
site enzyme production using lignocellulose-derived media may
be vital for the overall process economy of lignocellulosic bior-
eﬁneries (Barta et al., 2010; Lau et al., 2012). Production of
enzymes on-site or in the near vicinity of ethanol producing plants
or lignocellulose bioreﬁneries has particularly high potential if it
relies on pentose sugars (Barta et al., 2010). Studies performed
with T. reesei and Trichoderma atroviride clearly show the potential
of utilizing crude fungal fermentation broth produced with
lignocellulose-derived media to hydrolyze lignocellulosic materi-
als and produce bioethanol (Kovács et al., 2009a, 2009b).
4. Conclusions
This study shows that ﬁve ﬁlamentous fungi and yeasts
commonly used for enzyme production have the capability to
grow in glucose-rich as well as in glucose-poor lignocellulosic
media and tolerate moderate concentrations of lignocellulose-
derived inhibitors. The S. cerevisiae strain exhibited the best
capability to grow in high concentrations of lignocellulosic media,
which indicates that it has better resistance to inhibitors than the
other fungi. S. cerevisiae and P. pastoris consumed mainly glucose
and mannose, while the other microorganisms were more diverse
from a metabolical point of view and could utilize other lignocel-
lulose degradation products. Although the capability of the ﬁla-
mentous fungi to utilize unconventional carbon sources was
generally better than that of the yeasts, the rapid growth of the
yeasts and the capability of some yeasts to withstand inhibitors
contribute to making both ﬁlamentous fungi and yeasts to inter-
esting hosts in future studies on potential organisms for on-site
enzyme production in lignocellulosic bioreﬁneries including con-
solidated bioprocesses in which ethanologenic microorganisms
contribute also with hydrolytic enzymes.
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